HdeA has been shown to prevent acid-induced aggregation of proteins. With a mass of only 9.7 kDa, HdeA is one of the smallest chaperones known. Unlike other molecular chaperones, which are typically complex, multimeric ATP-dependent machines, HdeA is known to undergo an acid-induced dimer to monomer transition and functions at low pH as a disordered monomer without the need for energy factors. Thus, HdeA must possess features that allow it to bind substrates and regulate substrate affinity in a small and energy-independent package. To understand better how HdeA accomplishes this, we studied the conformational changes that accompany a shift to low pH and substrate binding. We find that the acid-induced partial unfolding and monomerization that lead to HdeA activation occur very rapidly (k >3.5 s ؊1 ). Activation exposes the hydrophobic dimer interface, which we found to be critical for substrate binding. We show by intramolecular FRET that the partially unfolded character of active HdeA allows the chaperone to adopt different conformations as required for the recognition and high-affinity binding of different substrate proteins. These efficient adaptations help to explain how a very small protein is rapidly activated and can bind a broad range of substrate proteins in a purely pH-regulated manner.
B
acteria possess the ability to respond to a changing environment by inducing transcriptional stress responses that defend against stress conditions. Although these stress responses are highly effective once fully operational, there is a significant time lag between the moment when the stress is first sensed and when defense and repair proteins are expressed (1) . This lag creates a window during which cellular damage can occur. In contrast, posttranslational regulation of stress-related proteins eliminates this time lag and thus provides a much more rapid response to stress conditions. Two well-characterized examples of stressrelated proteins that are activated at the posttranslational level are Hsp33 and the small heat shock protein Hsp26. Hsp33 is a redox-regulated chaperone specifically activated by oxidative stress conditions that lead to protein unfolding (2) . Hsp26 is directly activated in response to elevated temperatures (3) .
The major advantage of posttranslational regulation is the speed with which it occurs. However, it also wastes energy to produce and maintain inactive proteins. Thus, posttranslational regulation appears to be limited to potentially fatal stress conditions, which arise frequently and require an instantaneous response in order for the organism to survive. One such condition is acid stress, which is encountered by bacteria immediately after their ingestion when they enter the low-pH environment (pH 1-3) of the mammalian stomach (4) . This poses a significant challenge to bacterial survival (5) . In response, enteric bacteria have developed efficient protective systems that help them to survive the extreme pH of the mammalian stomach. Two of these systems are the highly effective glutamate-and argininedependent decarboxylases, which maintain a near neutral pH in the cytoplasm even during acid stress (6, 7) . The pH of the periplasm, in contrast, equilibrates rapidly with the extracellular pH because of the porous nature of the outer membrane, which allows free diffusion of molecules smaller than 600 Da (8) . Acidic pH conditions are known to cause protein unfolding (9) , and this has been shown to cause periplasmic proteins to aggregate (10, 11) . To combat acid-induced protein unfolding and aggregation in the periplasm, many bacteria express the small protein HdeA, which specifically senses low pH conditions (pH Ͻ3) where it becomes active as a chaperone (10, 12) . This protein belongs to a class of stress-specific chaperones that are activated by the very stress conditions that they combat.
At neutral pH, HdeA exists as an inactive dimer. Once exposed to low pH conditions, however, HdeA has been shown to dissociate into chaperone-active monomers (10, 12) . The kinetics of activation have not yet been studied, although this activation appears to be crucial for the protection of bacteria against low pH conditions; indeed, hdeA deletion strains of Escherichia coli and Shigella are extremely acid-sensitive (12, 13) . Although the structure of the inactive dimeric HdeA from E. coli has been solved by X-ray crystallography (12) , limited information is available on the structure, regulation, and substratebinding activity of the active monomeric form of HdeA. Based on the structure of inactive HdeA, it has been proposed that the hydrophobic dimer interface may contribute to substrate binding in active HdeA monomers (12) , although to date there is limited experimental evidence to support this. HdeA is known to unfold extensively at pH Ͻ3, and this has been proposed to transform HdeA into a globally disordered amphiphilic molecule, which possesses a hydrophobic substrate-binding surface and a highly charged region that aids in solubility of the chaperone-substrate complex (10) . Disruption of this amphiphilic character, either by substituting charged amino acids for hydrophobic residues (V52K/V58K) or by deleting the highly charged N-terminal region of the protein, inhibits chaperone activity in vitro and acid resistance in vivo (14) . The V52K/V58K mutant was shown to exhibit decreased substrate interactions (14) . V52 resides at the periphery of the dimer interface of HdeA, whereas V58 is buried in the hydrophobic core of the monomer and is not near the dimer interface. Because a double mutant was used for this study, it is not possible to ascertain the relative contributions of each residue, and therefore the contribution of the hydrophobic dimer interface to substrate binding remains unknown. Moreover, it remains unclear how a ''globally disordered'' HdeA can recognize substrate proteins and what role structural disorder may play in chaperone function.
Here, we demonstrate that low pH very rapidly converts HdeA into its monomeric, chaperone-active conformation that, in contrast to previous reports, is only partially unfolded. This pH-induced dissociation exposes the hydrophobic residues of the HdeA dimer interface, which then serve as sites for unfolded substrate proteins to bind to the active monomer. Our intramolecular Förster resonance energy transfer (FRET) data suggest that the partially unfolded conformational ensemble of active HdeA allows the chaperone adaptively to bind substrates such that the conformation of HdeA can be molded to accommodate the structure of the substrate protein. To our knowledge, HdeA is the first molecular chaperone that utilizes its dimer interface for substrate binding and whose conformational flexibility plays such a critical role in the molecular recognition of different substrate proteins.
Results

Rapid Activation Makes HdeA Ideally Suited to Protect Proteins
Against Rapid pH-Induced Aggregation. HdeA has been shown to be an inactive dimer at neutral pH, but it becomes monomeric and chaperone-active at pH Ͻ3 (10, 12) . Its activation has been proposed to involve transformation into a globally disordered conformation at low pH, which exposes hydrophobic surfaces that are likely to be involved in substrate binding (10) . By using a combination of circular dichroism (CD) and fluorescence measurements, we found that HdeA is only partially unfolded by acid treatment, and it retains significant secondary structure but little tertiary structure in its active form [supporting information (SI) Fig. S1 ]. The C18-C66 disulfide bond in HdeA is critical for maintaining this residual structure, and reduction of this disulfide leads to a completely unfolded protein with no chaperone activity (Fig. S1 ).
To determine how quickly HdeA undergoes conformational changes that convert a fully folded yet inactive protein into a partially unfolded highly active chaperone, we used stopped-flow fluorescence measurements. We made use of the pH-induced changes in HdeA tryptophan fluorescence, which include a change in the emission maximum ( max ), and a substantial decrease in fluorescence intensity (Fig. S1B ). This fluorescence decrease can be used as a quantitative measure to assess the rate of pH-induced conformational changes in HdeA. As shown in Fig. 1 A, we found that the decrease in HdeA fluorescence upon acid-induced partial unfolding occurs very rapidly (k obs ϭ 3.6 s Ϫ1 ) and followed kinetics that were well described by a single exponential function. Variation of the HdeA concentration did not alter the rate of the reaction (Fig. 1B) , indicating that we were monitoring intramolecular conformational rearrangements of HdeA.
Two tryptophan residues (W16 and W82) are responsible for the intrinsic fluorescence of HdeA, and neither residue makes contact with an adjacent monomer at the dimer interface (12) . Changes in intrinsic HdeA fluorescence are therefore most likely reporting on conformational changes within each monomer rather than changes in the HdeA oligomeric state (i.e., monomer 7 dimer transitions). To monitor the oligomeric state of HdeA, we engineered the mutant HdeA(C27), which introduces a unique reactive cysteine near the dimer interface ( Fig. 2A) . The ␣-carbons of S27 in adjacent monomers are only 8.5 Å apart. This distance should result in a robust FRET signal when appropriate labels are attached at this position in the dimer and should allow us to monitor the rate of monomerization by following the acid-induced decrease in FRET. The dyes that we selected for these experiments are bimane and Alexa Fluor 532 (AF532), which are ideal for this purpose because their fluorescence is relatively insensitive to pH variations, and they exhibit substantial spectral overlap. Bimane served as the donor (ex max 390 nm, em max 475 nm) and AF532 as the acceptor (ex max 532 nm, em max 550 nm).
When we mixed equimolar amounts of bimane-labeled HdeA(C27) and AF532-labeled HdeA(C27) at either pH 2.2 ( Fig. 2B ) or pH 7.0 (Fig. 2C) , we saw little evidence of energy transfer. The sum of the spectra (dashed trace) of the two individually labeled proteins (traces 1 and 2) was very similar to the spectrum of the mixture (trace 3). This result confirmed that at low pH HdeA is predominantly monomeric and does not interact with other monomers, whereas at neutral pH HdeA dimers are tightly associated and do not readily exchange subunits, consistent with the published K d of Ϸ200 nM at pH 7 (12). When we incubated bimane-and AF532-labeled HdeA(C27) at a 1:1 ratio at pH 2.2 and then neutralized the mixture, however, we observed a significant decrease in bimane emission coupled with a large increase in AF532 emission (Fig.  2C, trace 4) . This substantial degree of energy transfer from bimane to AF532 clearly indicates dimer formation upon neutralization. Addition of excess unlabeled HdeA decreased the FRET signal very slowly, with a half-time of Ϸ120 min, indicating that the mixed labeled HdeA pH7.0 dimers are very stable.
These constructs provided us with a spectroscopic handle for monitoring the rate of HdeA pH-induced dissociation. We prepared mixed dimers of HdeA(C27)-bimane and HdeA(C27)-AF532, which exhibit high FRET efficiency, and subsequently monitored the decrease in FRET upon a rapid shift from pH 7.0 to 2.2. As was the case for the conformational changes monitored by tryptophan fluorescence, we found that pH-induced dissociation follows single-exponential kinetics with a rate of 8.0 s Ϫ1 . This rate constant is also independent of the HdeA concentration ( Fig. 2 D and E) but is somewhat faster than the rate determined for pH-induced conformational changes (Fig. 1) . This slight discrepancy may be the result of the presence of the fluorescent probes near the dimer interface, which may increase the rate of dissociation.
To assess whether the rapid conformational changes and monomerization correspond to the rate of chaperone activation, we compared the chaperone function of HdeA after a short-term (Ϸ2 s) or long-term exposure (10 min) to low pH. We found that upon dilution into low pH buffer, chemically denatured rhodanese undergoes substantial aggregation (initial absorbance Ϸ0.1; Fig. 3, trace 1) within the time it takes to mix the components and begin the measurement (Ϸ10 s). Importantly, this initial aggregation was suppressed in the presence of fully activated HdeA (initial absorbance Ϸ0.03; Fig. 3, trace 2 ). This significant difference in the initial absorbance values allowed us to determine whether a 2-s exposure of HdeA to pH 2.2 is sufficient to activate HdeA fully and to prevent the fast initial aggregation of rhodanese. No difference was observed between HdeA exposed to low pH for 2 s (Fig. 3, trace 3 ) or 10 min (Fig.  3, trace 2) . In both cases, the initial absorbance was found to be near zero, indicating that no significant aggregation of rhodanese occurred even during the first few seconds after mixing, which indicates fast formation of HdeA-substrate complexes. These results clearly demonstrate that the rapid pH-induced unfolding and monomerization (as shown in Figs. 1 and 2 ) fully activate the HdeA chaperone function. This rapid activation makes HdeA ideally suited to bind proteins as they themselves unfold in response to acid, thereby preventing their aggregation.
HdeA Hydrophobic Dimer Interface Serves a Second Role: Substrate
Binding. The data presented thus far suggest that conformational changes, monomerization, and functional activation of HdeA are tightly coupled and in all likelihood occur simultaneously. Further evidence for this correlation came from pH titration experiments in which we lowered the pH in a stepwise manner from neutral to pH 2 while monitoring the ability of HdeA to bind the hydrophobic dye, 4,4Ј-bis(1-anilinonaphthalene 8-sulfonate) (bis-ANS) and using FRET in a parallel experiment to monitor the oligomeric state of HdeA. We found that the midpoints of the pH titration for both bis-ANS binding and monomerization are very similar (Fig. S2) , indicating that monomerization and the exposure of hydrophobic surfaces that are likely to be involved in substrate binding occur in parallel.
As has been noted in ref. 12, the surface of dimeric HdeA is highly charged, whereas the buried dimer interface is largely hydrophobic (see also Fig. S2 ). Because most molecular chaperones bind unfolded substrate proteins by hydrophobic interactions, this observation, in combination with our kinetic data, raises the intriguing possibility that the hydrophobic interface that promotes dimerization at neutral pH might also contribute to substrate binding at low pH. To test this hypothesis experimentally, we substituted the two intrinsic tryptophan residues of HdeA with nonfluorescent residues (W16F and W82L) and introduced a unique tryptophan residue at position 35, which makes extensive contacts with the adjacent HdeA monomer at the dimer interface ( Fig. 4A ; for nomenclature used for HdeA mutants, see Table S1 ). This tryptophan residue serves as a probe for direct monitoring of the solvent accessibility at this position in the absence and presence of bound substrate. To monitor the effect of substrate binding on HdeA tryptophan fluorescence, we used the tryptophan-free protein malate dehydrogenase (MDH), which we found to be an excellent model substrate for HdeA (Fig. S3) .
Binding of MDH to wild-type HdeA resulted in only a small (2 nm) red shift of the emission maximum (Fig. 4B ). This result indicates that the degree of solvent exposure of the two naturally occurring tryptophan residues, which do not make contacts at the dimer interface, does not significantly change upon substrate binding, implying that these residues are not directly involved in substrate binding. Plotting the fluorescence intensity versus MDH concentration enabled us to determine that HdeA and MDH form a tight complex (K d ϭ 100 nM; Fig. 4B Inset) . Single deletions of either W16 or W82 revealed that the modest quenching effect of MDH is caused almost entirely by interactions with W16 (Fig. S4) .
In contrast to wild-type HdeA, HdeA(W35), which contains a unique tryptophan residue at the dimer interface, showed a 21-nm blue shift in max upon MDH binding (Fig. 4C) . These results strongly suggest that W35, which is maximally solventexposed in monomeric HdeA pH2.2 ( max ϭ 350 nm), becomes buried and shielded from solvent upon MDH binding ( max ϭ 329 nm). Further support that W35 becomes buried upon MDH binding comes from potassium iodide (KI) quenching experiments. Iodide is a strong collisional quencher of tryptophan fluorescence, and KI quenching efficiency correlates well with tryptophan accessibility (15) . We found that KI effectively quenched the fluorescence of wild-type HdeA, regardless of whether MDH was bound. In contrast, KI quenching of HdeA(W35) was greatly reduced in the presence of bound MDH (Fig. S5) , indicating that MDH binding effectively shields W35.
Additional evidence for the direct involvement of the HdeA dimer interface in substrate binding comes from HdeA(F35K), in which we introduced a charged amino acid into the normally hydrophobic dimer interface. This mutant exhibited a 40-fold decrease in affinity for MDH and severely impaired chaperonelike activity toward both MDH and rhodanese (Fig. S6) .
Many small heat shock proteins form large chaperone oligomers (16) . To test the possibility that substrate binding induces oligomerization of HdeA, which could similarly affect HdeA tryptophan fluorescence, we used our FRET system. We were unable to detect any evidence of energy transfer between mixtures of bimane-and AF532-labeled HdeA(C27) in the presence of excess MDH, suggesting that HdeA remains monomeric upon binding substrate (Fig. S7) . These results support our conclusion that the hydrophobic residues that form the dimer interface in inactive HdeA pH7.0 serve to bind substrate in active HdeA pH2.2 , thus giving them a dual role.
HdeA Adopts Different Conformations to Accommodate Different
Substrates. Activated HdeA exhibits many of the characteristics of an intrinsically disordered protein (10) (see also Fig. S1 ). This observation raises intriguing questions about the nature of interactions between a partially unfolded chaperone and its partially or largely unfolded substrate proteins. To determine how substrate binding affects HdeA conformation, we conducted intramolecular FRET experiments in which we determined distances between a specific donor and acceptor position within the HdeA monomer in the absence and presence of bound substrate proteins. We used W82 as donor because its fluorescence is unaffected by substrate binding (Fig. S4 D-F) . We used C27, which lies Ϸ20 Å from the W82 donor (12) to attach the nonfluorescent thionitrobenzoic acid (TNB) acceptor via a reversible disulfide. Simply adding reductants such as DTT cleaves the TNB acceptor and thereby enables the facile measurement of donor fluorescence in the presence or absence of acceptor under otherwise identical conditions. This, along with their extensive spectral overlap, makes the tryptophan-TNB pair an excellent tool for measuring intramolecular distances by FRET (17) .
We first measured the emission spectrum of TNB-labeled HdeA(W82,C27) at pH 7 and observed a marked increase in fluorescence intensity upon removal of the TNB acceptor (Fig.  5A) . We then used the observed change in fluorescence intensity to calculate the apparent distance between the tryptophan donor and TNB acceptor and obtained a value of 20 Ϯ 1.1 Å. This distance is consistent with the 20-Å distance between the ␣-carbons of S27 and W82 observed in the HdeA crystal structure (12), making us confident that our measurements indeed reflected the intramolecular distance between these residues. When we performed the same experiments at pH 2.2, we calculated a distance of 22 Ϯ 1.5 Å (Fig. 5B) , in which the partial unfolding of HdeA results in a 2-Å increase in the apparent donor-acceptor distance. Complete unfolding of HdeA in 5 M Gdn yielded an apparent distance of 30 Ϯ 2.8 Å (Fig. 5C) . The difference between HdeA pH2.2 and completely unfolded HdeA probably reflects the residual secondary structure of HdeA at low pH (Fig. S1 A) . It is likely that the calculated distances in 5 M Gdn, and to a lesser extent at pH 2.2, reflect an ensemble of unfolded and partially folded conformations and therefore represent an average of many actual distances. It is clear, however, that the progressive unfolding of HdeA leads to increased donor-acceptor distances, as expected.
We then tested the effects of substrate binding on the conformation of chaperone-active HdeA pH2.2 . When we incubated HdeA pH2.2 with MDH, we found that the apparent distance between the tryptophan donor and TNB acceptor increased by 9 Å to 31 Ϯ 4.4 Å (Fig. 5D ), indicating that MDH binding has a substantial effect on HdeA conformation. As an additional means of assessing donor-acceptor distances, we performed time-resolved fluorescence measurements and used the fluorescence lifetimes () in the presence and absence of acceptor, rather than steady-state intensity, to calculate apparent distances. We observed a similar, large increase in donor-acceptor distance upon substrate binding when we used fluorescence lifetimes to calculate FRET efficiency and corresponding distances of 17 Å at pH 7, 21 Å at pH 2.2, and 29 Å at pH 2.2 in the presence of MDH (Fig. S8 and Table S2 ).
To exclude the possibility that this significant apparent change in distance is an orientation-related artifact, for example, in which MDH binding changes FRET efficiency by altering 2 , we repeated these experiments using AF350-C5 maleimide as the acceptor. This label contains a 5-carbon flexible linker between the attachment point and the fluorophore, which should enhance the rotational freedom of the acceptor and thereby minimize orientation-specific effects on energy transfer efficiency. The distances obtained by using the AF350 acceptor were similar to the distances calculated for the TNB-labeled protein (Fig. S9) . The observations that W82 is completely solvent-exposed as judged by max (Fig. S4) and that max is unaffected by MDH binding suggest that W82 is mobile and therefore unlikely to exhibit orientational bias. Furthermore, fast anisotropy decays were observed for both the donor and acceptor, indicative of highly mobile probes even in the presence of bound MDH (Fig.  S9) . Taken together, these data indicate that we are indeed monitoring the effects of substrate binding on donor-acceptor distance, with negligible contributions caused by orientation of the probes.
To test whether HdeA adopts substrate-specific conformations, we tested the effects of two other model substrate proteins, rhodanese and alcohol dehydrogenase (ADH). Both proteins have been shown to interact with HdeA (10, 12) , and we found that they do so with high affinity (K d Ϸ200 nM). In contrast to MDH, we found that rhodanese binding induces only a small increase of 2 Å (to 24 Ϯ 1.7 Å) in the apparent donor-acceptor distance (Fig. 5E ), whereas ADH binding may actually lead to a slight compaction of the HdeA structure (21 Ϯ 1.4 Å; Fig. 5F ), although the apparent changes induced by rhodanese and ADH binding are within the error of the measurements. Even when we take these errors into account, we can clearly conclude, however, that the conformation of HdeA in the MDH-bound form at 31 Ϯ 4.4 Å is significantly different from either the ADH-bound form at 21 Ϯ 1.4 Å or the rhodanese-bound form at 24 Ϯ 1.7 Å. These results suggest that substrate binding can, at least in some cases, shift the conformational equilibrium of HdeA, such that an ensemble of disordered conformations may be presented to the substrate, and the substrate can bind to particular conformation(s) on the basis of its structure. Thus, the final conformation of HdeA in the chaperone-substrate complex depends on the structure of the substrate protein.
Discussion
HdeA is a new member of a growing class of stress-sensing proteins that use stress-induced activation rather than transcriptional regulation to respond rapidly to stress conditions (18) . When enteric bacteria are ingested, their periplasmic space is rapidly acidified, which can cause the acid-induced unfolding and aggregation of numerous periplasmic proteins (10, 11) . Thus, survival in extreme acid conditions requires a very rapid response to protect acid-unfolded proteins from irreversible aggregation. As a molecular chaperone, HdeA protects periplasmic proteins from acid-induced aggregation (10, 11, 19) . HdeA is also partially unfolded in response to acidic pH, but in a clever twist, it becomes activated by the very same low-pH conditions that lead to the inactivation of other proteins. In this work we find that HdeA adopts its active monomeric conformation within a fraction of a second after a pH downshift. This rapidity of HdeA activation enables presynthesized HdeA to remain inactive under nonstress conditions, but ready to bind to other unfolding proteins the instant that bacteria encounter extremely low pH. This type of regulation is orders of magnitude more rapid than transcriptional control. It ensures that HdeA is poised to deal with the potentially lethal problem of protein aggregation immediately after ingestion by the host organism.
The observation that HdeA becomes partially unfolded to achieve its chaperone active conformation seems to defy the traditional protein structure-function paradigm: most proteins require structure to be functional. Although structural disorder has been observed in numerous other chaperone proteins (20) , the mechanistic relevance of disorder to chaperone function has not been entirely clear. In general, protein disorder is thought to allow proteins to bind more adaptively to diverse ligands (20, 21) . Another proposed model suggests that disordered proteins are capable of binding the same targets with a substantially smaller protein scaffold than their well-folded counterparts (22) . Both of these characteristics seem desirable for a general chaperone protein, and indeed, both characteristics seem to apply to HdeA. Our intramolecular FRET experiments suggest that upon substrate binding, HdeA populates different conformational ensembles that depend on the structure of the substrate protein. This mode of substrate recognition is likely to confer broad substrate specificity on HdeA. Some degree of structural plasticity has been proposed as important for chaperone-substrate interactions (23) (24) (25) , but here we discuss a chaperone that adaptively binds to substrates such that different substrates influence the chaperone's conformational equilibrium in different ways. This mechanism provides an excellent explanation of how a protein as small as HdeA can adaptively bind a broad range of structurally diverse substrates (10) (11) (12) .
HdeA was known to undergo a dimer-to-monomer transition upon activation, raising the possibility that the hydrophobic dimer interface of HdeA plays a role in substrate binding (12) . Our results provide experimental support for this hypothesis. 
